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Under  high  light  conditions,  microalgae  are  oversaturated  with  light  which  signiﬁcantly  reduces  the  light
use efﬁciency.  Microalgae  with  a reduced  pigment  content,  antenna  size  mutants,  have  been  proposed
as a potential  solution  to increase  the  light  use  efﬁciency.  The  goal  of this  study  was  to investigate  the
competition  between  antenna  size  mutants  and  wild  type  microalgae  in  mass  cultures.  Using  a kinetic
model  and  literature-derived  experimental  data  from  wild  type  Chlorella  sorokiniana,  the  productivity
and competition  of  wild  type  cells  and  antenna  size  mutants  were  simulated.  Cultivation  was  simulated
in  an  outdoor  microalgal  raceway  pond  production  system  which  was  assumed  to  be  limited  by  light  only.
Light  conditions  were  based  on  a  Mediterranean  location  (Tunisia)  and  a more  temperate  location  (thehlorella sorokiniana
real biomass productivity
hotosynthetic efﬁciency
Netherlands).  Several  wild  type  contamination  levels  were  simulated  in  each  mutant  culture  separately
to  predict  the  effect  on  the  productivity  over the  cultivation  time  of  a  hypothetical  summer  season  of
100  days.  The  simulations  demonstrate  a good  potential  of  antenna  size  reduction  to  increase  the  biomass
productivity  of  microalgal  cultures.  However,  it was  also  found  that  after  a contamination  with  wild  type
cells  the  mutant  cultures  will  be  rapidly  overgrown  resulting  in  productivity  loss.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
One of the most important bottlenecks in microalgae cultivation
s the inefﬁcient utilization of light energy under high irradi-
nce. Microalgae are easily oversaturated with light which strongly
educes the light use efﬁciency. This limitation can be alleviated by
enetically reducing the amount of light energy that is absorbed per
ell. The creation of such antenna size mutants, i.e., microalgae with
 reduced pigment content, has been proposed as a potential solu-
ion (Formighieri et al., 2012; Kwon et al., 2013; Mussgnug et al.,
007a; Oey et al., 2013; Ort et al., 2011; Perrine et al., 2012) to light
aturation. The lower pigmentation of the mutants allows increased
iomass concentrations with the same light gradient in the photo-
ioreactor (Melis et al., 1998; Mussgnug et al., 2007b). The lower
iomass speciﬁc light absorption rate leads to a higher productiv-
ty of mutant cultures than that of wild type cultures under high
ight conditions (Mussgnug et al., 2007b). In practice, some mutants
ere indeed reported to demonstrate improved growth charac-
∗ Corresponding author.
E-mail address: timdemooij@gmail.com (T. de Mooij).
1 These authors contributed equally to this work.
ttp://dx.doi.org/10.1016/j.jbiotec.2016.10.009
168-1656/© 2016 The Authors. Published by Elsevier B.V. This is an open access article uteristics under speciﬁc light conditions (Mussgnug et al., 2007b;
Cazzaniga et al., 2014; Mitra and Melis, 2008).
Clearly, antenna size mutant generation, especially through
directed mutagenesis, is an immature technology (de Mooij et al.,
2014). Currently there are no suitable antenna size mutant strains
available that can be analyzed for their performance in competi-
tion experiments. A better understanding of the photosynthetic
machinery and an advanced genetic toolbox are required to cre-
ate better mutants. Still, it is interesting to study the potential of
antenna size reduction for mass cultivation of microalgae using
model simulations. Extrapolation of laboratory data utilizing a
predictive model that is constructed on a solid theoretical founda-
tion is an attractive alternative to performing outdoor cultivation
experiments. Modeling can function as a great tool to investi-
gate the improvement of mass culture productivity using antenna
size mutants. In addition, the impact of competition for light
between mutant and wild type strains can be predicted. Compe-
tition between the antenna size mutant and its own wild type is
expected to result in productivity losses. The outcome of such a
modeling approach results in more realistic expectations and can be
used to determine genetic engineering targets to optimize mutant
cultivation.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The aim of this study was to estimate antenna size mutant
roductivity in photobioreactor mass cultures and quantify the
ompetition between the antenna size mutant and its wild type.
nowledge on growth properties of separate cultures (Hobson,
969; Huisman et al., 1999) is required to analyze mixed cultures
nd to estimate the competitiveness of the involved species under
ight limiting conditions. Many models describing biomass produc-
ivity of microalgae are available to date (Acién Fernández et al.,
998; Cornet and Dussap, 2009; Geider et al., 1997; Huesemann
t al., 2016; Lee et al., 2014; Quinn et al., 2011; Takache et al.,
012). These models differ by their level of complexity, model strat-
gy and need for parameterization. In our study the productivity
as calculated with a microalgal growth model which is based
n summing up local rates of photosynthesis calculated for every
osition in the photobioreactor. The presented model takes into
ccount the light gradient within the microalgal culture and also
he wavelength dependency of light absorption. The model is based
n a previously validated growth model for Chlorella sorokiniana
nder continuous light (Blanken et al., 2016), that was obtained by
ombining models of Jassby and Platt (1976) and Pirt (1965) and
he Lambert-Beer law. The model has been modiﬁed by adding a
arbon partitioning mechanism and simulated outdoor light con-
itions to describe growth under day/night cycles. By extending
he model, it serves well to answer new research questions regard-
ng the competition of microalgae strains that have different light
arvesting capacities. The light model was further adapted to repre-
ent an outdoor microalgal raceway pond production system taking
nto account solar elevation. The wild type properties were deﬁned
ased on experimental data of C. sorokiniana. Antenna size mutants
ere considered to only differ from the wild type in their reduced
bsorption cross section to clearly identify the potential of reduced
ntenna sizes. Productivities of the mutant monocultures with dif-
erent antenna size reductions (0–90%) were investigated. Several
ild type contamination levels were separately simulated in each
utant culture to predict the effect on the productivity over the
ultivation time (100 days).
. Model description
.1. Structure
With the kinetic model the biomass productivity of a microalgae
ass culture is calculated as a function of the incident light inten-
ity during the diurnal cycle. The change of the spectral composition
ith increasing reactor depth due to the preferential light absorp-
ion of microalgae was taken into account. The model allows for
he calculation of biomass productivity of an antenna size mutant
ulture before, during, and after contamination with its wild type.
n all of the cases, light is assumed to be the limiting factor for
rowth and, consequently, mutant and wild type are competing for
ight energy. An extensive description of the model can be found in
ppendix A.
To account for the effects of the diurnal cycle and carbon parti-
ioning, functional biomass and intracellular carbohydrate reserves
ere regarded as separate compounds. The carbohydrate reserves
re referred to as ‘sugar’ in this study. Consequently, for each strain,
wo production rates were distinguished: the production of func-
ional biomass (X’) and of sugar (S).
Refer to Fig. 1 for an overview of the model structure. The overall
icroalgae production model consists of three modules: Loca-
ion, time, and wavelength dependent light distribution (Module
); speciﬁc light absorption, and photosynthetic sugar production
Module 2); partitioning of sugar towards biomass, and a sugar
eserve pool (Module 3). The ﬁrst module describes the location-
peciﬁc light intensity and the light distribution in the culturechnology 240 (2016) 1–13
during the day. These are based on solar elevations, Snell’s law, Fres-
nel’s equations, and Lambert-Beer’s law, while neglecting the effect
of light scattering. The second module describes the sugar produc-
tion as a function of speciﬁc light absorption and, consequently,
depends on the local light intensity, biomass concentration, and
strain-speciﬁc characteristics. The third module represents the
allocation of photosynthetically produced sugar to maintenance
related processes, to the accumulation of carbohydrate reserves,
and to the production of functional biomass. In addition, the parti-
tioning of sugar is differentiated between the day and night periods
during the diurnal cycle.
2.2. Strategy and assumptions
Two ordinary differential equations (Eqs. (A9) and (A10))
describe the change in production and respiration of the func-
tional biomass and the sugar for each strain separately. The Matlab
built-in solver for stiff differential equations (ode23s) based on the
2nd/3rd order Runge-Kutta method was used to numerically inte-
grate the change in concentrations over the cultivation time. This
results in the respective functional biomass and sugar concentra-
tions as a function of time.
The simulated cultivation time was 100 days. We  simulated both
a Mediterranean location (Tunisia, Lat. 36.867◦) with a high irradi-
ance and clear sky and a temperate location (the Netherlands, Lat.
52.117◦) with considerable cloud cover. One speciﬁc summer day
(July 15th, day 196 of the year) was  continuously repeated in the
model for each location. All simulations began at 8:00 am local solar
time. During the day, the dilution rate was  maintained constant
while there was  no culture dilution during the night. The dilution
rate was optimized for each strain and each location (Netherlands
and Tunisia) to maximize the productivity (See Appendix D for opti-
mization procedure). The optimal dilution rate was subsequently
applied during the ﬁnal simulations.
Theoretical antenna size mutants of Chlorella sorokini-
ana were simulated. The strain-speciﬁc characteristics(
m, mS, YX ′/S, q
max
S , xS,min
)
of the mutants were kept identi-
cal to the experimentally determined characteristics of the wild
type (Table A3 of Appendix E), i.e., only the biomass speciﬁc
absorption cross section for each wavelength
(
aX ′,
)
was  altered
by multiplying aX ′, with 0.1-0.9, depending on the degree of
antenna size reduction (90-10%). Throughout the entire day/night
cycle, aX ′, was assumed to be constant. The wild type absorption
cross section was measured under mass culture conditions with
an incident light intensity of 1500 molph m−2s−1 and an outgoing
light intensity of 10 molph m−2s−1. The antenna size mutation is
assumed to be stable and not affecting any other cellular property,
and the considered strains are assumed as not being sensitive to
photoinhibition under the simulated light conditions. Different
wild type contamination levels were considered as well as the
scenario of a reverse mutation which was  assumed to result in a
contamination of one cell per cubic meter at the initiation of the
100-days simulation. One cell of C. sorokiniana corresponds to a
mass of 1.4·10−11 g, or 0.14 pg (Rosenberg et al., 2014). A reﬂective
(80%) ground cover was  simulated to be situated at the bottom of
the photobioreactor pond to allow a fairer comparison of mutant
and wild type performance.
The areal biomass productivity (rCx) was calculated by multiply-
ing the total biomass concentration (X ’ + S) with the dilution rate
(D) and the reactor depth (dR):
rCx = (X ’ + S) · D · dR (1)
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:  sugar allocation towards biomass, the sugar reserve pool, and maintenance durin
. Results
Simulations with the model were performed for monocultures
f the wild type of Chlorella sorokiniana and for monocultures of
he antenna size mutants with a varying absorption cross section
aX ′ ,
)
in the range of a 10–90% reduction compared to the wild
ype. In addition, monocultures of the antenna size mutants were
contaminated’ with wild type cells at various contamination levels
n order to investigate the competiveness of the mutants and the
ynamics of outcompetition. The wild type and the mutants were
ompared regarding their areal biomass productivity at two loca-
ions, the Netherlands and Tunisia, during a hypothetical summer
eason of 100 days. Refer to Appendix C for the light pattern of one
ummer day for both locations that was employed in all simulated
ays to obtain repetitive light conditions. For contaminated cul-
ures, the loss of productivity as a result of the contamination with
he wild type was also investigated.
.1. Simulation overview
In Fig. 2A, the day/night cycle of one cultivation is illustrated for
oth the wild type and a mutant with an 80% antenna size reduction
n Tunisia. The net sugar production rate (X′·(qS-mS)) is a measure
or the photosynthetic activity of the mutant culture. It is illustrated
hat the net sugar production rate of the mutant culture is consid-
rably higher than that of the wild type culture only during the
rightest hours of the day. In the night the sugar production rate is
egative because sugar is used to build new functional biomass andh of speciﬁc light distribution; Module 2: photosynthetic sugar production; Module
 diurnal cycle. Model inputs are in ovals and calculated values in solid boxes.
sugar is partly respired to support both the growth processes as well
as the maintenance related processes. The mutant culture exhibits
greater losses of photosynthetically derived sugar during the night
because of the higher biomass concentration and the associated
maintenance requirements that must be satisﬁed. Please note that
the functional biomass speciﬁc maintenance rate (ms) is assumed
to be the same for wild type and mutant. Therefore, the difference
in sugar consumption rate between wild type and mutant is caused
by the difference in biomass concentration.
Exemplary, the ﬁrst 50 days of the 100 days cultivation period
are shown for the mutant with an 80% antenna size reduction in
Tunisia (Fig. 2B–D). As demonstrated later, a monoculture of this
mutant results in the highest areal biomass productivity (rCx). It
can be observed in greater detail on day 50 in Fig. 2B and C that,
during the day, biomass is produced and the biomass concentration
is increasing. However, in the morning and from 16:00 solar time
onwards, the biomass concentration is decreasing as the result of
the low incident light intensity in combination with culture dilu-
tion. The course of the cultivation is illustrated for monocultures
of the mutant with and without contamination by the wild type.
The shown contamination level is one wild type cell per cubic
meter at day 0. The contamination has substantial effects on the
course of the cultivation after approximately 27 days (Fig. 2B). The
mutant concentration then decreases rapidly while the wild type
concentration increases, which considerably reduces the biomass
productivity. The wild type reaches a lower biomass concentration
and lower productivity than the mutant. These effects are a result
of the wild type absorbing more light per cell which leads to more
4 T. de Mooij et al. / Journal of Biotechnology 240 (2016) 1–13
Fig. 2. (A) Net sugar production rate (X’·(qS-mS)), a measure for the photosynthetic activity minus the maintenance, presented for the duration of one day/night cycle. In B,
C,  and D, an overview is provided of the ﬁrst 50 d of a 100 d simulation of an antenna size mutant with 80% reduction in the absorption cross section (aX ′,) in Tunisia. Day 50
is  plotted on a different scale in B and C to illustrate the variation over the course of one day in greater detail. The culture is contaminated at t = 0 with one wild type cell per
cubic  meter. The dashed grey lines depict the scenario of an axenic mutant culture without contamination. (B) The biomass concentration (CX ) of the mutant and the wild
type.  (C) The daily areal biomass productivity (rCx) of the mixed culture as the sum of the productivity of mutant and wild type is depicted by the solid black line. (D) The
biomass yield on incident light (Y ) averaged over one day is shown by the solid black line and is based on the mixed culture of wild type and mutant cells. The dilution
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ate  was  kept constant during the light period, and no dilution was  applied during 
versaturation and light loss. This is also manifested as a decrease
f the biomass yield on light (Fig. 2D).
.2. Monocultures of antenna size mutants and their wild type
The areal biomass productivity of antenna size mutants in a sim-
lated outdoor raceway pond photobioreactor was  investigated.
he reduction in absorption cross section was normalized to the
ild type, and a reduction of 10 to 90% was simulated. The areal
iomass productivity of the mutant monocultures was  found to
ncrease with increasing antenna size reduction until a maximum
s reached (Fig. 3A). The maximum productivities were found for
ultures with antenna size reductions of 80% (53.2 g m−2d−1) in
unisia and 60% (31.5 g m−2d−1) in the Netherlands. After the max-
mum, the biomass productivity decreases when the antenna size
s further reduced.
Comparing the two locations, the areal biomass productivity
as higher in Tunisia than in the Netherlands for all of the mutants
nd the wild type. Because of the higher irradiance, both the
iomass concentrations and the optimal dilution rates were higher
n Tunisia than in the Netherlands. In Tunisia, the increase of the
roductivity with the antenna size reduction is steeper and leading
o a sharper maximum than in the Netherlands. A relative produc-
ivity increase of 39% in Tunisia and of 16% in the Netherlands was
bserved for the best performing mutant strain.
The loss in productivity after the maximum has been reached is
rimarily caused by the fact that light, after being reﬂected at the
ottom due to the ground cover (i.e. liner), is leaving the photo-
ioreactor pond unused at the surface when applying a very high
ntenna size reduction. It is important to note that a white liner was
imulated with an 80% reﬂectivity as described in Appendix B. For
n antenna reduction of 90% in Tunisia, up to 100 molph m−2s−1
s lost in this way at solar noon. In addition, the higher costs
or maintenance required for the high biomass concentration fur-
her decrease the productivity. The maintenance requirement is
ssumed to be a constant and equal for all mutants and the wild
ype. Consequently, the relative maintenance costs increase up to
4% in the Netherlands for a 90% aX ′ reduction (See Fig. 3A). At mod-ht.
erate antenna size reductions only 10% of the total produced sugar is
consumed for the purpose of maintenance. This means that at high
antenna size reduction a rapidly increasing fraction of photosyn-
thetically produced sugar is used for maintenance instead of being
incorporated into new biomass. The effect of maintenance is higher
for lower irradiance conditions as present in the Netherlands.
The relation between antenna size reduction and photosyn-
thetic efﬁciency under saturating light conditions is also reﬂected
in the biomass yield on light (Fig. 3B). Because of the higher irra-
diance in Tunisia, overall yields are lower than in the Netherlands.
Only beyond 80% antenna size reduction the biomass yield on light
was higher in Tunisia than in the Netherlands. For small antennae,
light oversaturation in Tunisia is relatively low while the light lev-
els during the majority of the day are above 1000 molph m−2s−1
and even reach 1800 molph m−2s−1 at solar noon (See Appendix
C).
3.3. Culture dynamics after mutant monoculture contamination
by wild type cells
Antenna size mutant monocultures with a varying reduction
in absorption cross section
(
aX ′ ,
)
were simulated as being con-
taminated with different levels of wild type cells. In this way the
rate at which mutant cultures are overgrown was investigated as
a function of the contamination level and antenna size reduction.
Fig. 4A illustrates the effect of different contamination levels on
the time it takes for wild type cells to become the dominant strain
in the culture. Only the results for Tunisia are shown. The optimal
antenna size reduction for Tunisia, 80%, was  selected in order to
study the effect of the contamination level. At the highest contam-
ination level of 1%, the decrease in mutant biomass concentrations
becomes apparent already after three days. Lower contamination
levels extend the duration that the antenna size mutant is the
dominant strain and during this period light is used at a higher
efﬁciency compared to the situation in which the wild type is the
dominant strain. However, even in the best case scenario that was
considered, with a contamination of only one cell per cubic meter,
T. de Mooij et al. / Journal of Biotechnology 240 (2016) 1–13 5
Fig. 3. (A) Biomass productivity (rCx) and relative costs of maintenance processes (mS/qS ,%), i.e the fraction of produced sugar used for maintenance and not for growth. (B)
biomass  yield on incident light (YCx/ph) presented for the wild type (0% reduction) and antenna size mutant cultures. For the calculation of the biomass yield on light, the
daily  averaged productivity is normalized to the daily amount of incident light on the photobioreactor.
Fig. 4. (A) Effect of the contamination level on the rate at which antenna size mutants are overgrown by wild type cells in a simulated raceway pond photobioreactor with a
depth  of 0.2 m,  situated in Tunisia. The mutant monocultures have an 80% reduction in the absorption cross section (aX ′ ). The dashed line indicates the scenario of a mutant
monoculture with no contamination. Only for the lowest contamination level (4.0·10−12%, or 1 cell m−3 at day 0) the associated increase in wild type biomass concentration
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ss  illustrated by the solid grey line. (B) Effect of antenna size reduction on the rate at 
he  wild type concentration is not presented. The contamination level for these sim
he mutants were overgrown before half of the simulated summer
eason (100 days) had passed.
In addition to the contamination level, the effect of the antenna
ize reduction was investigated (Fig. 4B). Again, one cell per cubic
eter was chosen as the contamination level in a monoculture
n Tunisia. Clearly, greater reductions in antenna size result in
ess competitive mutants and, therefore, the mutants with the
ighest potential in terms of mass culture productivity are most
ulnerable and rapidly overgrown by wild type cells within one
imulated summer season. For antenna size reductions below 40%,
he mutants remain the dominant strain in the culture during the
imulated season. However, as shown before in Fig. 3, a 40% reduced
ntenna size mutant does not exploit the full potential of antenna
ize reduction. the mutant monocultures are overgrown by the wild type cells. For clarity reasons,
ns equal one wild type cell per cubic meter at day 0.
4. Discussion
In accordance with our expectations, the areal biomass produc-
tivity was higher in Tunisia than in the Netherlands for all mutants
and the wild type. Up to a 39% increase in productivity was esti-
mated for an 80% antenna size reduced mutant compared to the
wild type. In contrast to Tunisia, in the Netherlands under the most
optimistic conditions, only a 16% increase in productivity could be
obtained compared to the wild type cultivation. These numbers
emphasize that both a considerable antenna size reduction and
high irradiance are required to obtain substantial gains in produc-
tivity. Most antenna size mutants that have been created do not
exhibit such high antenna size reductions (de Mooij et al., 2014). In
Tunisia, saturating light conditions are present over a longer period
of the day than in the Netherlands. Therefore, any reduction in
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bsorption cross section reduces oversaturation and thus increases
ight use efﬁciency (Melis et al., 1998; Mussgnug et al., 2007b; Mitra
nd Melis, 2008; de Mooij et al., 2014; Zhu et al., 2010). The results
how a clear potential for the use of antenna size mutants in high
rradiance locations such as Tunisia.
The theoretical maximum biomass yield on light (YCx/ph) for
hlorella sorokiniana with nitrate as nitrogen source is approx-
mately 1.57 g molph−1 (Kliphuis et al., 2010). Compared to this
alue, the simulated yields for wild type cultivation in the
etherlands (0.85 g molph−1) and Tunisia (0.68 g molph−1) show
oom for improvement. However, in large scale production, the the-
retical maximum cannot be reached under saturating light. Using
he optimal 80% antenna size reduction in Tunisia, the biomass yield
n light energy was simulated to increase to 0.95 g molph−1, which
s high for large scale cultivation in an environment of high irra-
iance. The estimated productivities and biomass yields on light
re in the expected ranges based on empirical data of C. sorokiniana
Zijffers et al., 2010), which supports the reliability of the presented
esults.
Smaller antenna sizes increase the productivity in environments
f high irradiance. However, there is an upper limit because the
igher the antenna size reduction is, the higher the optimal biomass
oncentration that is required to absorb the incident light intensity.
t higher antenna size reductions, it becomes practically impossi-
le to harvest all of the light that is available around solar noon.
onsequently, especially green light is leaving the photobioreactor
nused after being reﬂected at the bottom. In addition, 20% of the
ight that reaches the pond ﬂoor is absorbed by the pond liner which
eans that a more ‘transparent’ culture will also result in more loss
f light at the bottom. Theoretically, the problem could be allevi-
ted by adjusting the biomass concentration over the course of the
ntire day, however, in practice, it is impossible to maintain an opti-
al  biomass concentration throughout the entire day as biomass
rowth is too slow to respond to sunrise, sunset and the ﬂuctuation
ight conditions during the day (Pruvost et al., 2015).
As the maintenance requirement per cell is assumed to be con-
tant, the total energy spent on maintenance increases linearly with
he biomass concentration. In the range of 10–80% antenna size
eduction, the increase in maintenance costs is not a big issue since
he concomitant increase of the productivity is higher, and this out-
eighs the maintenance losses. However, as depicted in Fig. 3A,
he fraction of sugars utilized for maintenance can be as high as
4% for a 90% antenna size reduction in the Netherlands. There-
ore, an optimal antenna size reduction was identiﬁed based on
he model. In addition to this energetically optimal antenna reduc-
ion, in practice, antenna size reduction may  possibly be limited by
tructural constraints as there appears to be a minimum amount
f chlorophyll molecules that is required for the assembly of the
hotosystem core complexes (Glick and Melis, 1988).
A reﬂective ground cover (i.e., liner) was simulated to be situ-
ted at the bottom of the photobioreactor pond to allow a fairer
omparison of mutant and wild type performance. Without light
eﬂection at the bottom, even a higher fraction of the incident light
ntensity would be lost (absorbed at the pond ﬂoor) in the mutant
ulture in comparison to the wild type culture. At high antenna size
eductions, the reﬂective liner could not prevent considerable light
osses in mutant monocultures as unabsorbed light was  reﬂected
n the pond ﬂoor but subsequently could not be fully absorbed in
he suspension after which it left the raceway pond reactor at the
iquid surface.
The choice for inﬁnite width and length of the theoretical pho-
obioreactor has the consequence that shadow formation by walls
nd reactor equipment can be neglected. The model therefore over-
redicts the productivity compared to real systems. This effect
ill decrease with the increasing reactor size, as the walls and
quipment are relatively small in large reactors. The assumptionchnology 240 (2016) 1–13
of constant depth means that precipitation and evaporation are
neglected, or supposed to balance each other. The effect of a chang-
ing depth, and therefore a changing biomass concentration, could
be easily implemented but similar to using real weather data, it
would blur the focus on the effect of antenna size reduction.
Cells in a mixed culture of wild type and antenna size mutants
are competing for light energy. Cells with a higher pigmentation
have a competitive advantage in this situation, as has recently been
veriﬁed in competition experiments with phycobilisome-deﬁcient
cyanobacteria and the corresponding wild type (Agostoni et al.,
2016). However, at the high light exposed volume fraction of the
reactor, the most competitive cells, with the highest absorption
cross section, are more oversaturated with light energy, resulting
in heat dissipation. Stated differently, competitiveness comes at a
cost of light use efﬁciency and productivity. Antenna size mutants
grow slower than the wild type in the light limiting part of the reac-
tor which makes them less competitive. The lower competiveness
as well as the higher light use efﬁciency of the mutants were con-
ﬁrmed in our simulations. As the photobioreactor productivity of a
mutant culture eventually returns to the level of the wild type pro-
ductivity after a contamination, it can be concluded that the biggest
increase in productivity obtained with antenna size reduction also
results in the most signiﬁcant losses upon contamination.
The lower the antenna size reduction, the more competitive the
organism becomes and the longer it takes before it is outcompeted
by the wild type. Contamination can be caused by wild type cells
physically entering the photobioreactor or by mutant cells losing
their phenotype after a reverse mutation, after which the natural
pigment content is restored. In regard to the contamination level,
it became evident that, even in the most optimistic scenario with
a minimal contamination of one cell per cubic meter, the effects
of contamination are considerable. Moreover, the contamination
level is unpredictable and could be higher than the assumed one
cell per m3. Therefore it can be stated that, unless novel methods
are discovered to increase the competitive power of antenna size
mutants, the consequences of wild type contamination severely
threaten the potential application of antenna size mutants in large-
scale long-term production processes.
We have demonstrated that even a contamination level as low
as one cell per cubic meter at the beginning of cultivation can
substantially reduce the potential productivity increase that was
aimed for by using antenna size mutants. Once a contamination
has been detected, thorough cleaning and disinfection of the pho-
tobioreactor pond is required with no tolerance for remaining wild
type cells or other photosynthetic organisms. This is time consum-
ing and expensive and will probably outbalance the cost reduction
that could have been obtained by the application of antenna size
reduction.
Would it be possible to increase the competitive power of
antenna size mutants? In the study of Flynn et al., the mutants were
assumed to have additional properties that made them more com-
petitive. They simulated mutants with an increased growth rate
and nutrient use efﬁciency, a decreased minimum phosphorous
and nitrogen quota, a lower maintenance requirement and, under
these conditions, the mutant was expected to outcompete the wild
type (Flynn et al., 2013). It remains doubtful, however, whether a
mutant with all of the aforementioned properties can be designed
in practice and remain stable regarding all mutations. For exam-
ple, in order to obtain a higher biomass speciﬁc growth rate, many
enzymatic steps must be performed at a higher rate which does not
appear to be feasible. Another method to improve the competitive-
ness of the mutant rather than changing its growth characteristics
is the application of extreme conditions. This condition should ide-
ally affect the viability of the wild type strain but not that of the
mutant. One could think of a built-in resistance of the mutant,
for example, tolerance to low/high temperatures or a tolerance to
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igh salt concentrations. However, this would still create a selec-
ive environment that rewards invasive species that actually have
uch a capability (Mooij et al., 2015). Smart techniques are required
o enforce the elimination of the wild type while maintaining the
utant cells. Perhaps the wild type’s higher sensitivity to light can
e exploited as this makes them more prone to photoinhibition
hile antenna size mutants would only experience photoinhibi-
ion at much higher light intensities. Wild type cells possibly have
o spend more energy on photosystem II repair processes than
ntenna size mutants because their higher light absorbance rate
ill also increase the irreversible damage to the photosystems. To
in the competition, the speciﬁc growth rate of the mutant should
e higher than that of the wild type. At solar noon in Tunisia, the
iomass speciﬁc growth rate of an 80% reduced mutant is 1.4 d−1
ersus 2.2 d−1 for the wild type according to our growth model.
onsequently, severe chronic photoinhibition would be required
or the wild type to shift the equilibrium towards the mutant.
or Chlorella sorokiniana such severe photoinhibition has not been
bserved up to light levels of 2000 molph m−2s−1 (Cuaresma et al.,
011; Franco et al., 2012) and for this reason photoinhibition was
ot included in this model.
A more complex dynamic model was presented by Flynn et al.
Flynn et al., 2013, 2010; Flynn, 2001). In accordance with our ﬁnd-
ngs, Flynn and coworkers estimated that under continuous light
1000 molph m−2s−1), the use of antenna size mutants will lead
o an increased biomass productivity, and the mutants will be out-
ompeted by the wild type after a contamination (Flynn et al.,
010). The strength of our model is its simplicity and the fact that
e only considered mutants with a reduction of the absorption
ross section without additional traits. The repetitive light pattern
nd the lack of seasonal light and temperature variability has the
dvantage that effects can be unequivocally assigned to the antenna
ize reduction or the contamination level which was  the purpose
f this study. The estimations of our model provide a realistic view
f the potential of antenna size mutants under large scale out-
oor conditions. The productivity of our mutants was  limited by
he inevitable steep light gradient in mass cultures, the low light
bsorption capacity of mutants, and the fact that the total main-
enance requirement can become a critical factor at substantial
ntenna size reductions. We  also included the impact of day/night
ycles on microalgal growth. Even though the model includes sev-
ral simpliﬁcations such as that photoinhibition was  not included,
t is capable of predicting important trends which can be used as
nput for future research.
. Conclusions
A theoretical model was presented to simulate cultivations of
ntenna size mutants and the competition with their wild type
nder mass culture conditions. As was expected, the comparison
f Tunisia with the Netherlands demonstrated that a substantial
ncrease of productivity is only possible in a location of high irra-
iance. In addition, a considerable antenna size reduction (80%) is
equired to achieve maximal culture productivity. Mutants with
uch an antenna size reduction have not been obtained yet in prac-
ice. At very high antenna size reduction, it becomes difﬁcult to
fﬁciently absorb all incident light because of the low absorption
apacity. In addition, high biomass concentrations are required to
bsorb all light, which increases cellular maintenances costs. The
igher the antenna reduction is, the more sensitive the cultiva-
ion process becomes for competition with a full antenna strain.
ccording to the model, antenna size mutants will always lose the
ompetition for light with their wild type and the rate of outcom-
etition was ascertained to increase with decreasing antenna size
nd with increasing contamination levels. Based on these ﬁndings itchnology 240 (2016) 1–13 7
can be concluded that the competitiveness of the mutants strains
is an important factor that determines whether long-term stable
cultivation can be achieved in mass cultures.
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Appendix A. : Microalgae growth model
(A1) Module 1: Light distribution in a photobioreactor
In this algae production model, a hypothetical photobioreactor
is studied (Fig. A1) that represents a pond with a constant depth (dR,
0.20 m)  and with inﬁnite width and length. The only interface that
is considered for reﬂection and refraction is the air-water interface
since the culture is directly in contact with the air at the culture sur-
face. The light intensity on the culture surface must be determined
to later predict the light distribution within the culture.
The light intensity gradient in the microalgae culture is cal-
culated in three consecutive steps. First, the light intensity on
a horizontal surface on earth is calculated neglecting the effect
of atmospheric light absorption (Velds et al., 1992). Second, the
absorption of the atmosphere due to its turbidity is incorporated
(Velds et al., 1992). In the third step, the refraction and reﬂection
of light passing the air water interphase (Cooper, 1969; Kasten and
Czeplak, 1980; Goldstein, 2010) is included to obtain the intensity
and directionality of this light that enters the microalgae culture
(Iph,0). For an extensive description of the equations used to calcu-
late the incident light intensity, refer to Appendix C.
The incident light intensity on a horizontal surface (Iph,0) is used
as an input in Eq. (A1), which is based on Lambert-Beer’s law.
Iph,,down(z) = Iph,0 · En, · e
−
(
a
X
′
,WT
· X ′ WT +aX′ ,MU · X
′
MU
)
·  z · 1
cos ′z (A1)
En, (nm−1) represents the relative sunlight distribution for the
range of photosynthetic active radiation (see Appendix E for val-
ues). The absorption cross sections of the wild type strain and the
mutant are denoted by aX ′,WT and aX ′,MU , respectively. In Eq. (A1),
z is the position in the pond along the vertical path equaling zero at
the reactor surface and ‘dR’ at the bottom of the reactor. The length
of the light path in the culture is inﬂuenced by the angle between
the refracted sunrays and the perpendicular to the culture surface
(angle z ′, Fig. A1). In the model, the position z is multiplied with
the enhancing factor, the inverse of the cosine of z ′, to correct for
the lengthening of the optical path at increasing z ′. An increasing
optical path increases the chance of light absorption and results in
a steeper light gradient in the z-direction.
To minimize light losses at the bottom of the pond and to
obtain a fairer comparison between wild type and mutant culture
productivity, the pond ﬂoor was simulated to be covered with a
white reﬂective ground cover. This cover diffusively reﬂects 80%
(Meinhold et al., 2010) of the light at the bottom back into the
culture. Moreover, the application of white liners is also common
practice in the raceway pond construction. The addition of a reﬂec-
tive liner results in a second light ﬂux Iph,,up(z) from the pond ﬂoor
back to the culture surface. The light intensity in the culture only
resulting from this ﬂux is described by:
Iph,,up(z) = Iph,,down(dR) · fR · e
−
(
a
X
′
,WT
· X ′ WT +aX′ ,MU
· X ′ MU
)
· (dR−z) · 1cos  ′
z,dif (A2)
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Fig. A1. Schematic overview of the raceway pond photobioreactor. The sunlight
hits the culture surface with the light intensity Iph,0,i at the zenith angle z . The
light is partly reﬂected
(
Iph,0,r
)
and partly transmitted into the culture
(
Iph,0
)
. The
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oefraction at the culture surface leads to the refracted zenith angle z ’. The light
eaching the bottom of the pond is, in part (80%), diffusively reﬂected back into the
ulture by a white ground cover.
with dR being the reactor depth and fR being the fraction of
eﬂected light. The inverse of the cosine of z,dif ′ is the factor with
hich the reﬂected optical light path is extended. The diffuse reﬂec-
ion corresponds to an average angle z,dif ′ of 60◦.
A3) Module 2: Photosynthetic sugar production
To model the competition for light in a culture of an antenna size
utant contaminated with its wild type, the speciﬁc light absorp-
ion rates of both strains must be distinguished. The speciﬁc light
bsorption rates then allow the calculation of speciﬁc sugar pro-
uction rates for each strain. The sugar production rate
(
qSi
)
of
ne organism (indicated by index i) in a culture containing wild
ype and mutant cells can be described according to the hyperbolic
angent model of Jassby and Platt (Jassby and Platt, 1976):
Si = qmaxS · tanh
(
qph,i · YS/ph,m
qmaxS
)
(A3)
The calculation of the sugar production rate is based on the
hoton absorption rate
(
qph,i
)
, the maximum yield of sugar on pho-
ons
(
YS/ph,m
)
, and the maximum sugar production rate
(
qmaxS
)
,
see Table A3 of Appendix E for values). The biomass speciﬁc light
bsorption rate
(
qph,,i
)
can be described for wild type (i = WT)
nd mutant (i  = MU) in one photobioreactor simultaneously by
tilizing Lambert-Beer’s law:
dIph,,down
dz
= Iph,,down(z) ·
(
aX ′ WT , · X
′
WT + aX ′ MU , · X
′
MU
)
· 1
cos ′z
(A4)
dIph,,up
dz
= Iph,,up(z) ·
(
aX ′ WT , · X
′
WT + aX ′ MU , · X
′
MU
)
· 1
cos ′
z,diff
(A5)
ph,,i =
(
− dIph,,down + dIph,,up
)
· 1′ ·
aX ′ i · X ′ i
′ ′ (A6)dz dz X i aX ′WT , · X WT + aX ′MU , · X MU
with the light gradients
dIph,,down
dz and
dIph,,up
dz , the concentration
f functional biomass (X ′i), the absorption cross section
(
aX ′ i,
)
, thechnology 240 (2016) 1–13
local light intensity
(
Iph, (z)
)
, and the factor
(
1
cos ′z
)
that corrects
the light path for its deviation from the z direction. Apparently, the
light regime in the reactor (Eqs. (A4) and (A5)) is dictated by the
total light absorption capacity of both the wild type and mutant
strain. The biomass speciﬁc light absorption rates (qph,,i)(Eq. (A6))
depend on the absorbed fraction of this total light energy which is
based on the light absorption capacity and biomass concentration
of each strain. Eqs. (A4)–(A6) are combined to give:
qph,i,(z) = aX ′ ,i ·
(
Iph,,down(z) ·
1
cos ′z
+ Iph,,up(z) ·
1
cos z,diff ′
)
(A7)
By combining Eqs. (A3) and (A7) and adding the wavelength
dependency of YS/ph,m, the speciﬁc sugar production rates of the
mutant and wild type were obtained:
qSi (z) = qmaxS · tanh
(∑=700
=400(qph,i,(z) · YS/ph,m,) · 
qmaxS
)
(A8)
The speciﬁc sugar production rates (Eq. (A8)) were concurrently
simulated in one photobioreactor for both strains to model the
competition for light. The produced sugar is partly used for main-
tenance related processes, partly stored in the sugar reserve pool,
and partly used for production of new functional biomass.
(A9) Module 3: Partitioning of produced sugar during the diurnal
cycle
The carbohydrate starch is an important energy reserve for the
growth of microalgae in day/night cycles (Sharkey, 2015; Ogbonna
and Tanaka, 1996). Synthetized starch is stored as semi-crystalline
granules (Sonnewald and Kossmann, 2013) and can be oxidized
by the cell to gain energy and reduce carbon upon demand (Lacour
et al., 2012). The accumulation of starch occurs during the day when
it serves as an energy sink while the degradation primarily occurs
during the night to provide energy and carbon (Lacour et al., 2012;
Sukenik and Carmeli, 1990; Post et al., 1985; Fábregas et al., 2002).
A mechanism of carbon partitioning during the diurnal cycle
was developed. This mechanism includes partitioning of the pho-
tosynthetically produced sugar to the functional biomass and the
sugar reserve pool. The longer the night period and the lower the
current sugar reserves, the more sugar is stored in the sugar pool
during the day to accumulate sufﬁcient reserves for the entire night
period. Additionally, sugar from the sugar pool is converted into
functional biomass at a rate that depends on the sugar availabil-
ity. The conversion rate will automatically be re-adjusted in such a
way that it would be stable until the end of the night if no additional
sugar is generated. This leads to a minimum sugar fraction in the
total biomass at the end of the night.
The production rates of functional biomass and sugar are
described in two  differential equations (Eqs. (A9) and (A10)) which
are applied on both strains simultaneously:
(A9)(A10)
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ith:
mX ′ = 0 for xS,i > xS,min,i
mS = 0 for xS,i = xS,min,i
The biomass accumulation rate (Eq. (A9)) and the sugar
ccumulation rate (Eq. (A10)) depend, among others, on the
otal biomass concentration (Cxi) and the concentration of func-
ional biomass (X ′i) and sugar (Si).  mX ′ is the maintenance
equirement
(
molX ′ · molX ′ −1 · s−1
)
covered by degradation of func-
ional biomass. The molar fraction of sugar in biomass is given as
S,i = Si/ (X ′i + Si). The index i indicates that the equations need to
e separately applied on the two strains, wild type (i = WT) and
utant (i  = MU). The cultivation time, t (0–24 h), is the local solar
ime.
The differential equations describing the accumulation of func-
ional biomass and sugars in the photobioreactor (Eqs. (A9) and
A10)) both include four terms. The ﬁrst term depends on the
ugar production rate (Eqs. (A8)) and, therefore, the amount of
bsorbed light. Carbon ﬁxated and reduced by photosynthesis par-
itions between the synthesis of functional biomass and the sugar
ool. The partitioning depends on the sugar fraction of biomass
xS,i
)
at the investigated time point and the duration (hours) of
he light period
(
Plight
)
in one day/night cycle of 24 h. The shorter
he light period, the more sugar reserves are needed during the
ight to cover the maintenance requirement and support the gen-
ration of functional biomass in the dark (Lacour et al., 2012). To
estore the sugar reserves for the consumption during the night,
ow sugar fractions in the biomass lead to a high allocation rate of
hotosynthetically produced sugar to the sugar pool. This behavior
s simulated by a Droop based equation (Gibson et al., 2008).
The second term of the equations Eqs. (A9) and (A10) describes
he speciﬁc maintenance requirement of the functional biomass.
he maintenance requirement (mS) is  primarily covered by the res-
iration of sugar. Sufﬁcient sugar reserves to fulﬁll maintenance
equirements are ensured by the sugar accumulation mechanism.
owever, in the exceptional case that the sugar reserves are too low
xS,i ≤ xS,min,i), the only way to fulﬁll maintenance requirements
mX ′ ) is by the degradation of functional biomass, as shown by the
econd term of Eq. (A9).
Independent from light conditions, the third term ensures the
onversion of sugar to functional biomass. This rate is linear during
he night and results in the minimum sugar fraction xS,min,i at the
nd of the night. Based on starch turnover (Klein, 1987), a minimum
roduction rate of functional biomass is ensured over the entire
ourse of the day as soon as sugar has been accumulated. First, the
eleased sugar is used for maintenance related processes, and the
emaining sugar subsequently enters the functional biomass pro-
uction. This way, functional biomass is produced during the night
t the expense of the sugar pool. Sugar is employed for the pro-
uction of functional biomass according to the functional biomass
ield on sugar YX ′/S . This yield has a value less than 1, reﬂecting
he fact that a signiﬁcant portion of the sugar needs to be respired
o retrieve sufﬁcient energy in the form of ATP to incorporate the
emaining sugar into functional biomass.
The last term of the differential equations describes the removal
f functional biomass and the sugar reserves by the applied system
ilution, as the raceway pond reactor is operated as a chemostat.
ilution is only applied during daylight hours.
ppendix B. : Equations to calculate location and
avelength-speciﬁc light distributionA11) Solar power and sunlight angle on a horizontal surface
In this calculation, the effect of the turbidity of the atmosphere
s ﬁrst neglected, however, the predicted solar power is later cor-chnology 240 (2016) 1–13 9
rected for the contribution of atmospheric absorption. The solar
power on a horizontal surface (Ee) depends on the intensity of sun-
light reaching the earth and the zenith angle
(
z, Eq.A12
)
. The
latter is the angle between the sunrays and the perpendicular to
the earth’s surface (Fig. 3).
Ee = S0 · R¯
2
R2
· cos z ≈ S0 ·
(
1 + 0.033 · cos
(
360
365
· (d − 1)
))
· cos z (A11)
In Eq. (A11), all light is assumed to pass from the center of the
sun to the earth neglecting effects of the atmosphere. The yearly
averaged solar power on earth is described by the solar constant (S0,
1367W · m−2 (Fröhlich and Brusa, 2016)). The solar power varies
with the factor R¯
2
R2
over the year due to the ellipsoidal shape of
the earth’s orbit (Dufﬁe and Beckman, 2016). The daytime and the
location dependency of the insolation are both described by the
zenith angle:
z = cos−1
(
sin  · sin ı + cos  · cos ı · cos ω
)
(A12)
The latitude () is directly named in Eq. (A12) while
the longitude is indirectly included through the hour angle
(ω = 15 · (tsolar − 12)  [◦]). The position of the sun is highest at
0◦ or tsolar = 12h. The tilt of the earth relative to the sun
throughout the year is described by the solar declination(
ı = 23.45 · sin
(
360 · (284+d)
365
)
[◦]
)
.
The solar power neglecting the atmosphere (Ee) can now be cor-
rected for atmospheric absorption. As a simpliﬁcation, the total
global irradiation is considered as direct light even though it
includes a diffuse part. Thus, the solar power reaching the earth
at a speciﬁc location (Gclear) and with a clear sky is described as:
Gclear = 0.84 · Ee · e
(
− 0.027TL
cos  z
)
(A13)
The turbidity factor of the atmosphere by Linke (TL) has been
determined experimentally. Under a clear sky, the factor only
depends on the time during the year and the location on earth
(Velds et al., 1992; Chaâbane et al., 2004). The calculated surface-
speciﬁc solar power using the turbidity factor is converted into the
light intensity. The light intensity in the range of the photosynthetic
active radiation (PAR, 400 to 700 nm)  is calculated using a conver-
sion factor according to ASTM G173-03 Reference Spectra derived
from SMARTS v. 2.9.2:
Iph,0,i = Gclear · 1.982 · 10−6
molph,PAR
Jsolar
(A14)
(A15) Light gradient resulting from refraction and reﬂection on
the culture surface
The sunlight with the intensity Iph,0,i hits the culture surface
which is assumed to have the same properties as a water sur-
face. Two effects occur there simultaneously; light is refracted and
reﬂected. Due to refraction, the zenith angle
(
z
)
changes accord-
ing to Snell’s law to z ’. Thus, the factor
(
1
cos(z ’)
)
describing the
light path dependent on the culture depth reads as:
1
cos
(
z ’
) = 1
cos
(
sin−1
( nair
nwater
· sin z
)) (A15)
The enhancing factor (Eq. (A15)) is based on the refractive
indexes of air (nair) and water (nwater) and trigonometric equa-
tions. This expression is used to relate the culture depth to the
light path. By applying Lambert-Beer’s, this affords calculation of
the light distribution inside the culture. The incident light inten-
sity is reduced compared to the description in Eq. (A14) since light
is partly reﬂected by the culture surface and partly transmitted
into the culture. The reﬂected light intensity is subtracted from
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Fig. A2. Global incident light intensity in the PAR range on a horizontal surface in
Tunisia and the Netherlands in the course of one day/night cycle. The light intensity is
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Fig. A3. Areal productivity versus dilution rate of a mutant that is 80% reduced in
erived from the light model as described in Appendix B. No cloud cover is assumed
n  Tunisia while the light intensity is evenly reduced by 40% in the Netherlands to
imulate the cloud cover.
he light intensity hitting the culture surface according to Fresnel’s
quations:
ph,0 = Iph,0,i −
1
2
·
(
Rs + Rp
)
· Iph,0,i (A16)
with the reﬂectivity of light polarized in the plane of incidence
s =
(
nair · cos z ’−nwater · cos z
nair · cos z ’+nwater · cos z
)2
and perpendicular to the plane of
ncidence Rp =
(
nwater · cos z ’−nair · cos z
nwater · cos z ’+nair · cos z
)2
.
ppendix C. : Light patterns
The irradiance and the light angle were simulated for a sunny
ocation (Sidi Bou Said, Tunisia) and a location with a higher
loudage (De Bilt, the Netherlands). Measurements showed a global
nsolation of 16.67 MJ  m−2 d−1 in mid-July (1971–1986) in the
etherlands (Velds et al., 1992). This insolation corresponds to 62%
f the predicted insolation under a clear sky. Compared to that,
n Tunisia, the average insolation in July (>10 years) is signiﬁcantly
igher (26.64 MJ  m−2 d−1 over >10 years) (Alnaser et al., 2004). This
alue is 5% lower than the predicted insolation in Tunisia. While the
ow cloudage in Tunisia was neglected in the simulations, a constant
loudage of 40% was assumed in the Netherlands. All light including
he diffuse part was assumed to be direct to simplify the simula-
ions. The resulting light patterns for the chosen summer day in
uly that was used in all simulations are presented in Fig. A2.
ppendix D. : Dilution optimization procedure
The dilution rate was separately optimized for the areal biomass
roductivity of each strain. The optimization of the constant dilu-
ion rate during the day was performed employing a controlled
andom search algorithm. The boundaries for the dilution rate were
et to zero and the maximum growth rate to (0.27 h−1). WithinaX simulated for cultivation in Tunisia. Dilution only occurred during light hours at
a  constant rate. During the night, there was no dilution. The daily light intensity was
55.8 molph m−2d−1.
these boundaries, 50 random values for the dilution rate were
drawn. A cultivation period of 15 days was  simulated for each
dilution rate. The average productivity was calculated for the last
24 h. All dilution rates and the corresponding productivities were
recorded on a list with 50 data pairs. Stepwise, the dilution rates
and productivities in the list were replaced with data pairs con-
taining higher productivities. First, four dilution rates (Dr,1to Dr,4)
were randomly drawn and combined with the last dilution rate in
the list (Dend) to return a new value (Dnew , Eq. (A17)).
Dnew = 2 ·
(∑i=4
i=1Dr,i
4
)
− Dend (A17)
Second, the same simulation as described above followed for
the new dilution rate if the boundary conditions were still met.
Otherwise, a new value was  generated and the simulation was per-
formed with the ﬁrst value within the boundary conditions. Third,
the productivity resulting from this simulation was  compared to
the lowest productivity in the list. The data pair with the lowest
productivity was replaced if it the new productivity was higher. The
new data pair was  discarded if the new productivity was lower. By
repeating this pattern, a dense data set around the optimal dilution
rate was generated (See Fig. A3 for an example). The dilution rate
corresponding to the maximum areal biomass productivity was
used for all simulations with the respective strain.
Appendix E. : Model variables and parameters
See Table A1 and Table A2 .
Appendix F. Supplementary dataSupplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jbiotec.2016.10.
009.
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Table  A1
Overview of location and time dependent variables and parameters used for the derivation of the light pattern.
Symbol Description Unit
NL Location in the Netherlands, town: De Bilt –
TU  Location in North Tunisia, town: Sidi Bou Said –
t  Cultivation time with t0 = 8am local solar time h
d  Number of the day in the year –
tsolar Local solar time, position of the sun is highest at 0◦ or tsolar = 12am h
Plight Duration of the light period in one day/night cycle h
PAR  Photosynthetic active radiation (spectrum of 400 to 700 nm) –
  Wavelength nm
Ee Solar power on the horizontal earth surface neglecting effects of the atmosphere Wm2
Gclear Solar power reaching the earth on a speciﬁc location including effects of the atmosphere Wm2
Iph,0,i Global light intensity that hits the earth surface before light is reﬂected
molph
m2 ·  s
Iph,0 Global light intensity on the horizontal culture surface that is transmitted into the culture according to Fresnel’s equations
molph
m2 ·  s
Iph,0,r Global light intensity that is reﬂected at the reactor surface.
molph
m2 ·  s
Iph,,down (z) Wavelength-speciﬁc light intensity at every position z without the addition of light that is reﬂected at the pond ﬂoor.
molph
m2 ·  s
Iph,,up (z) Wavelength-speciﬁc light intensity at every position z limited to light that is reﬂected at the bottom of the pond ﬂoor.
molph
m2 ·  s
1
cos(z ’)
Enhancement factor correlating the light path to the reactor depth –
z Zenith angle, the angle between sunrays and the perpendicular to the earth surface ◦
z ’ Refracted zenith angle, the zenith angle after refraction according to Snell’s law ◦
′
z,diff
Refracted zenith angle, the zenith angle after refraction at the bottom of the pond photobioreactor.
ı  Solar declination, tilt of the earth relative to the sun ◦
R¯ Average distance between the earth and sun over the year –
R  Average distance between the earth and sun over the day –
Rs Reﬂectivity of light polarized in the plane of incidence –
Rp Reﬂectivity of light polarized perpendicular to the plane of incidence –
Parameter Description Value Unit Ref.
S0 Solar constant 1367.0 Wm2 Fröhlich and Brusa (2016)
TL Turbidity coefﬁcient by Linke, TU: averaged from daily
values in mid  of July in, NL: July 15th in De Bilt
5.9 [NL] 5.5 [TU] – Velds et al. (1992), Chaâbane et al. (2004)
 Latitude 52.117 [NL]36.867 [TU] –
fR Fraction of reﬂected light of reﬂective ground cover. 0.8 – Meinhold et al. (2010)
Table A2
Overview of time dependent variables describing the sugar production rate and carbon partitioning and the productivity. The index i refers to the application of the parameter
on  both strains in the reactor, the mutant and the wild type.
Symbol Description Unit
qphi Biomass speciﬁc photon absorption rate
molph
mol
X
′ ·  s
qSi Biomass speciﬁc sugar production rate
molS
mol
X
′ ·  s
dX ′ i
dt
Accumulation rate of functional biomass
mol
X
′
s ·  m3
dSi
dt
Accumulation rate of sugar stored as starch molS
s  · m3
Cxi Total molar biomass concentration in the reactor (normalized to 1 mol  carbon)
molCx
m3
YCx/ph The biomass yield on incident light energy
gCx
molph
X ′ i Molar concentration of functional biomass (normalized to 1 mol  carbon)
mol
X
′
m3
Si Molar concentration of sugar stored as starch (normalized to 1 mol  carbon)
molS
m3
xS,i Molar fraction of sugar in the total biomass
molS
molCx
rCx Areal biomass productivity
gCx
m2 · d
Table A3
Overview of model parameters related to the organism, substances, or the light and the reactor. Organism speciﬁc parameters are either originating from C. sorokiniana or
generally assumed for green algae. The index i refers to the application of the parameter on both strains in the reactor, the mutant and the wild type.
Parameter Value Unit Description Origin Ref.
m 0.27 h
−1 Maximum biomass speciﬁc growth
ratea
C. sorokiniana (Blanken et al., 2016)
mS 2.69 · 10−6 molSmol
X
′ · s Biomass speciﬁc maintenance rate
normalized to functional biomass
C. sorokiniana (Blanken et al., 2016)
mX ′ 2.41 · 10−6
mol
X
′
mol
X
′ · s Biomass speciﬁc maintenance rate
normalized to functional biomass
(Blanken et al., 2016)
YX ′/S 0.56
mol
X
′
molS
Functional biomass yield on 3-carbon
sugar using ammonia as nitrogen
source
C. sorokiniana (Blanken et al., 2016)
qmax
S
1.21 · 10−4 molSmol
X
′ · s Maximum functional biomass speciﬁc
sugar production rate,
m =
(
qmax
S
− mS
)
· YX′/S
C. sorokiniana
xS,min,i 0.07
molS
molCx
Minimum sugar content 0.08 gSgCx in
total biomass
C. sorokiniana (Blanken et al., 2016)
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Table A3 (Continued)
Parameter Value Unit Description Origin Ref.
aX′,,i see Table S1
m2
molX′ ·nm
Wavelength-speciﬁc absorption cross
section, value for mutant as a
percentage of wild type
C. sorokiniana
YS/ph,m, see Table S1
molS
molph ·nm
Maximum wavelength dependent
yield of sugar on photons
Cyanobacteria, green algae
MX ′ 24
gX′
molX′
Biomass dry weight to C-mol
conversion factor for functional
biomass.
MS 27
gs
molS
Molecular weight of a polysaccharides
of  glucose normalized to 1 mol  carbon
(GESTIS-Stoffdatenbank, 2015)
nair 1.00 – Refractive index of air (Denny, 1993)
nwater 1.33 – Refractive index of water (Denny, 1993)
z  m Position in the reactor
dR 0.20 m Reactor depth
En, see Table S1 nm−1 Relative light distribution in the
 nm
icroa
R
A
A
A
B
C
C
C
C
C
D
D
F
F
F
F
F
F
F
I
Gspectrum of 400–700
a The value of mx ′ was  estimated based on msand the degree of reduction () of m
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